The effect of carbon addition on the microstructure and mechanical properties of Fe-Zr and Fe-Zr-Nb ultrafine eutectic-dendrite composites has been investigated. Addition of carbon leads to the formation of iron solid solution strengthened by carbon interstitials and carbide particles encapsulated by -Fe dendrites preferentially nucleated on the carbides. Consequently, the ultrafine eutectic Fe-5Zr-5Nb-0.3C (mass%) alloy exhibits high compressive strength ($1:2 GPa) and large plastic strain ($24%). The present study suggests another effective way to enhance the mechanical properties of Fe-based nano-eutectic alloys.
Introduction
Eutectic alloys generally have been recognized to exhibit high strength at room/elevated temperatures and good chemical compatibility. [1] [2] [3] However, the cast eutectic alloys exhibit very low level of ductility due to well aligned lamellar or rod type eutectic structure and randomly oriented eutectic colonies in the as-cast structure. Therefore, the mechanical properties of eutectic alloys are markedly dependent on the microstructural characteristics of the constituent phases. In particular, control of length scale and morphology of eutectic or eutectic colonies is one of the important aspects in enhancing the mechanical properties of eutectic alloys. Recently, there have been several reports showing the possibility for enhanced mechanical properties of eutectic alloys by reducing length scale of eutectic structure or by modification of regular rod or lamellar type morphology of the eutectic structure. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] As a result, significantly enhanced plasticity has been reported for some alloys consisted of primary dendrite and ultrafine eutectic, indicating that the plasticity enhancement in eutectic alloys can be achieved by proper control of length scale heterogeneity, morphology and interface stability of the constituent phases.
In Fe-based eutectic system, -Fe 3 C eutectic is the most well known, and is important in characterizing the structure of cast iron (ledeburite, white-iron eutectic). [14] [15] [16] However, -Fe 3 C eutectic or dendrite + -Fe 3 C eutectic alloys have not received much attention due to extreme brittleness of the Fe 3 C phase. Recently, enhanced mechanical properties, in particular, enhanced plasticity have been reported by properly designing dendrite + eutectic composite structure in FeZr and Fe-Nb alloy systems through the following strategy, i.e. (1) providing ultrafine scale lamellar structure combined with primary dendrite (Fe-Zr alloy), and (2) increasing volume fraction of primary -Fe phase by adding -Fe stabilizing element (Al in Fe-Nb alloy). 17, 18) In the present study, we report a different strategy for the enhancement of plasticity in Fe-Zr(-Nb) alloys. Small amount of carbon is added in Fe-10Zr and Fe-5Zr-5Nb (mass%) alloys since carbon is an attractive element for controlling the structure and mechanical behavior in Fe-based alloys from two major points of view, i.e. by forming a solid solution with iron or by forming hard carbides. 20, 21) As a result, new Fe-based ultrafine eutectic composites will be presented with a focus on the role of dendrites for influencing the mechanical properties. The correlation between compressive plasticity and microstructural features including size, volume fraction and distribution of dendrites and eutectic phase is systematically investigated.
Experimental
The Fe-Zr-C(carbon) and Fe-Zr-Nb-C(carbon) alloy ingots were prepared by arc melting high purity elemental constituents (Fe, Zr, Nb and C > 99.9 mass% purity) under a Tigettered argon atmosphere. Carbon (graphite) was directly melted with other elements in an arc-melting furnace. Metal elements were stacked over carbon in order to ensure proper melting of graphite with other elements, and to prevent carbon oxidation during melting. The alloy ingots were remelted at least three times to ensure compositional homogeneity. The samples were prepared by suction casting into a cylindrical cavity of 2 mm diameter and 50 mm length. Microstructural analysis of the samples was done by scanning electron microscopy (SEM; Hitachi, S-2700). Phase analysis was performed using an energy dispersive x-ray spectrometer (EDX; Kevex superdry) attached to the SEM. Transmission electron microscopy (TEM, JEM 2100F) and x-ray diffraction (XRD; Rigaku CN2301, monochromatic Cu K radia-tion) were employed for structural characterization. Thin foils for TEM were prepared by ion milling (PIPS; Gatan, Model 600). The compression tests were carried out using an Instron-type machine at a strain rate of 1 Â 10 À3 s À1 . ), respectively. On the other hand, for Fe-10Zr-0.3C and Fe-5Zr-5Nb-0.3C, the dendrite cells are homogeneously distributed with finer and more spherical shape than in case of the C-free alloy. In particular, in case of Fe-5Zr-5Nb-0.3C alloy, dendrite cells are more homogeneously distributed and spherical shape than those in Fe-10Zr-0.3C. The average lamellar spacing of eutectic matrix of Fe-10Zr and Fe-10Zr-0.3C are 100 AE 50 nm and 75 AE nm, respectively. In addition, the lamellar spacing of the eutectic of FeZr-Nb-C alloy slightly decreases from 250 AE 75 nm (C-free alloy) to 150 AE 50 nm. On all occasions of addition of C, fine-scale octahedron-shape particles are observed inside the dendrites, as indicated by the dotted circles in Fig. 1(c) and (d). Volume fraction of particles in Fe-5Zr-5Nb-0.3C is higher than that in Fe-10Zr-0.3C. The highly magnified inset SEM image in Fig. 1(d) clearly shows that the octahedronshaped particles with about 0.5-1.5 mm size are embedded in the dendrites. EDX analysis of particles of Fe-5Zr-5Nb-0.3C alloy reveals that the octahedron-shape phase contains higher Zr, Nb and C contents (Fe 15:8 Zr 37:9 Nb 25 C 21 ) than the dendrites and the eutectic matrix. Combining the results from the XRD (Fig. 2) , and SEM investigations ( Fig. 1) with the EDX results allows to identify the primary dendritic phase and the octahedron-shape particles as -Fe solid solution and (Zr, Nb)C phase, respectively. Figure 2 shows XRD patterns for the as-cast Fe-5Zr-5Nb (mass%) (a) and Fe-5Zr-5Nb-0.3C (mass%)
Results
With the addition of 0.3 mass% carbon, additional peaks corresponding to a fcc (Zr, Nb)C phase are present besides the reflections from -Fe and Fe 2 (Zr, Nb). Furthermore, the diffraction peaks of the -Fe phase are shifted towards lower diffraction angles, indicating that the lattice parameter (Im 3 3m, a ¼ 0:2863 nm) of the -Fe phase for the Fe-5Zr-5Nb-0.3C alloy is considerably larger than that (Im 3 3m, a ¼ 0:2852 nm) of the C-free alloy (Fe-5Zr-5Nb) due to the dissolution of C with small atomic radius (r ¼ 0:091 nm) in -Fe. On the other hand, the intermetallic Fe 2 (Zr, Nb) phase in both alloys exhibits more or less the same peak positions within the experimental error. Fig. 3(d) , the finescale matrix exhibits a typical regular eutectic structure composed of alternating layers. The average eutectic lamellar spacing is 100-200 nm, which is in good agreement with the results from Fig. 1(d) . In addition, EDX analysis of individual lamellae reveals that the dark contrast layers contain high Zr and Nb contents (15 AE 1:5 and 11 AE 1 at%), whereas the bright contrast layers are Fe-rich (99:6 AE 0:2 at%). The corresponding selected area diffraction patterns [ Fig. 3 The mechanical properties of the as-cast alloys were investigated by room temperature compression at a strain rate of 1 Â 10 À3 s À1 . The values of compressive yield stress y (0.2% offset), ultimate fracture stress f , yield strain " y and plastic strain " p for the as-cast samples are summarized in Table 1 . Figure 4 shows the engineering compressive stressstrain curves of the as-cast Fe-5Zr-5Nb (a) and Fe-5Zr-5Nb-0.3C (b) alloys. The Fe-5Zr-5Nb alloy has a compressive yield strength and fracture strength of y $ 0:67 GPa and f $ 1:2 GPa, respectively, with a plastic strain " p $ 12%. The ZrC-containing alloy, i.e. Fe-5Zr-5Nb-0.3C, exhibits a significantly enhanced plasticity " p $ 24% together with slightly increased strength values ( y $ 0:75 GPa and f $ 1:2 GPa). Based on the microstructural analysis and the mechanical property evaluation, it is clear that the addition of carbon in ultrafine eutectic-dendrite composites has a strong influence for improving the compressive plasticity. In order to understand the deformation behavior of the Fe-5Zr-5Nb-0.3C alloy, the lateral surface morphology of failed specimens was observed by SEM (inset in Fig. 4) . The fracture of the as-cast samples occurs along the maximum shear plane, which is inclined by about 45 to the direction of the applied load. The inset image reveals that the shear bands are intersected during propagation and are branched with an inter-shear band spacing of 2-5 mm. Moreover, the shear bands are blocked and deflected by the ductile dendrites, illuminating the effect of the dendrites for preventing premature failure and, thus, improving the plasticity. Therefore, it is concluded that the ductile dendrites act as barriers to the propagation of shear bands promoting homogeneous deformation by multiple shear events. However, C addition in Fe-10Zr is less effective than that in Fe-5Zr-5Nb alloy.
Discussion
It has been shown that enhanced compressive plasticity of nano-/ultrafine eutectic composites can be achieved by the introduction of microstructural length scale heterogeneities. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [17] [18] [19] In other words, the formation of micrometerscale dendrites in an ultrafine eutectic matrix 5, 6) or provision of length scale variation in fine-scale regular lamellar eutectics are necessary for improving the ductility. [7] [8] [9] [10] In the present investigation, we suggest a new strategy for enhancing the room temperature plastic deformability of high strength nano-/ultrafine eutectic alloys by means of preferential nucleation and homogeneous distribution of carbide phases.
In conventional steels, excess amount of carbide-forming element is usually present than that is needed to form the carbide phase. The remaining carbon enters into the -Fe solid solution, thus producing substantial solid solution hardening. 20) Based on the XRD results (Fig. 2) , carbon plays two important roles in modifying the microstructure of the present Fe-Zr-Nb alloys: (1) it enters into the -Fe solid solution; and (2) forms thermodynamically stable (Zr, Nb)C alloy carbides. Consideration of thermodynamic parameters reveals that the mixing enthalpy of C with Zr (À49 kJ/mole) and Nb (À12 kJ/mole) in the liquid state is largely negative than that of C with Fe (40 kJ/mole). 21) In addition, Zr and Nb elements are strong carbide formers. 20) Therefore, the first solidification phase forming in the melt is (Zr, Nb)C, followed by nucleation and growth of -Fe dendrites, which preferentially form on the primary (Zr, Nb)C phase. Subsequently, the (Zr, Nb)C phase particles are encapsulated by the growing ductile -Fe dendrites. As a result, fine-scale dendrite cells are homogeneously distributed in the ultrafine lamellar matrix. With the addition of carbon, the dendrite cell size and the eutectic lamellar spacing are significantly reduced and the volume fraction of dendrites increases compared to the carbon-free alloy. In the case of Fe-10Zr- Fe-5Zr-5Nb-0.3C 754 1216 24 Fig. 4 Engineering compressive stress-strain curves of the as-cast Fe-5Zr-5Nb and Fe-5Zr-Nb-0.3C alloys: The inset shows a lateral surface image taken from the deformed Fe-5Zr-Nb-0.3C sample.
0.3C alloy, since the fraction of carbides are relatively lower than that in Fe-Zr-Nb-C alloy, columnar dendritic structure still mostly remains ( Fig. 1(c) ). These microstructural changes with C addition lead to a more homogeneous deformation by multiplication of shear bands and retardation of shear localization. 18, 19) The present results show that the compressive plasticity can be significantly improved through tuning of the hypoeutectic microstructure, i.e. the scale and the distribution of the dendrite cells.
Summary
Enhancement of plasticity of high strength ultra-fine eutectic composites has been achieved by addition of a small amount of carbon in a Fe-Zr-Nb hypo-eutectic alloy. Carbon acts as a stabilizer for (Zr, Nb)C carbide formation, and leads to preferential nucleation of ductile -Fe dendrites encapsulating (Zr, Nb)C carbides, resulting in a homogeneous distribution of fine-scale dendrite and eutectic cells. The ultrafine eutectic Fe-5Zr-5Nb-0.3C alloy exhibits high compressive strength ($1:2 GPa) together with large plastic strain ($24%). These findings suggest that the enhanced plasticity is ascribed to the control of the shape, the volume fraction and the distribution of the dendrites in the ultrafine eutectic matrix.
